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Relativistic Winds from Compact Gamma-Ray Sources:
II. Pair Loading and Radiative Acceleration in Gamma-ray Bursts
Christopher Thompson1 and Piero Madau2;3;4
ABSTRACT
We consider the eects of rapid pair creation by an intense pulse of γ-rays propagat-
ing ahead of a relativistic shock. Side-scattered photons colliding with the main γ-ray
beam amplify the density of scattering charges. The acceleration rate of the pair-loaded
medium is calculated, and its limiting bulk Lorentz factor related to the spectrum and
compactness of the photon source. One obtains, as a result, a denite prediction for
the relative inertia in baryons and pairs. The deceleration of a relativistic shock in the
moving medium, and the resulting synchrotron emissivity, are compared with existing
calculations for a static medium. The radiative eciency is increased dramatically by
pair loading. When the initial ambient density exceeds a critical value, the scattering
depth traversed by the main γ-ray pulse rises above unity, and the pulse is broadened.
These considerations place signicant constraints on burst progenitors: a pre-burst mass
loss rate exceeding 10−5M per year is dicult to reconcile with individual pulses nar-
rower than 10 s, unless the radiative eciency is low. An anisotropic γ-ray flux (on
an angular scale Γ−1 or larger) drives a large velocity shear that greatly increases the
energy in the seed magnetic eld forward of the propagating shock.
Subject headings: gamma-rays: bursts { theory { radiation mechanisms
1. Introduction
Physical models for γ-ray emission from a relativistic reball, and the ensuing synchrotron
emission from the decelerating shock, have generally neglected the feedback of the intense γ-ray
flux on the dynamics of the reball, or on the prompt and delayed emission. There are, however,
several reasons to believe that this interaction can have an important influence on the observed
multiwavelength emission from gamma-ray bursts (GRBs). Pair creation by high energy photons
will raise the radiative eciency of a shock (Thompson 1997); and { if the ambient medium is
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suciently dense { it will signicantly smear and broaden the observed time prole of the prompt
GRB. The pairs also carry net forward momentum which will couple eectively to the ambient
medium if this contains a strong enough magnetic eld. In this work we extend previous results on
radiative acceleration in the Thomson (Noerdlinger 1974; O’Dell 1981; Phinney 1982; Kovner 1984)
and Klein-Nishina (Madau & Thompson 1999, hereafter Paper I) scattering regimes to include the
eects of pair creation. Attenuation of the high energy γ-ray spectrum by collisions with soft
photons was calculated by Baring and Harding (1997), but the dynamical eects of pair creation
and the feedback of radiative acceleration on the scattering depth were not considered in that work.
The plan of this paper is as follows. In x 2 we calculate the rate of acceleration by a thin shell
of γ-rays, some of which side-scatter o ambient charges and collide with the main γ-ray beam.
We show that acceleration is much faster (for a given compactness) than in the Thomson limit,
because the highest energy photons provide most of the momentum. The reduction in the mean
mass per scattering accompanying pair creation signicantly increases the limiting Lorentz factor
over the value for a baryonic plasma. In x 3 we apply these results to GRB afterglows. We consider
the deceleration of a relativistic shock propagating into a medium that is itself moving at bulk
relativistic speed, and show how the time scaling of the synchrotron emission is modied from the
case of a static medium. We estimate the limiting ambient density above which the γ-ray pulse
experiences a large optical depth to scattering. Finally, we note that angular variations in the
radiative force will excite non-radial shear flows in the ambient medium that can greatly amplify
the pre-existing seed magnetic eld.
In the following we will denote by x and xs the incident and scattered photon energies in units
of mec2 in the (unprimed) lab frame, and with Γ = (1−2)−1=2 the bulk Lorentz factor of the flow.
2. Pair loading
Gamma-ray sources of high compactness are opaque to photons that move at an angle with
respect to the γ-ray flow. When the source spectrum extends to x  1, even soft photons will create
pairs via γγ ! e+e−, with a cross-section close to Thomson near threshold. In Paper I we have
inherently assumed that the source of γ-ray radiation is itself expanding at relativistic speed. When
the photons are beamed into a narrow angle  along the direction of motion, the threshold energy
for pair production within the beam is increased to x  −1. Nonetheless, the same Compton
scattering process that accelerates material sitting close to a γ-ray source also creates side-moving
photons. When the compactness at x  1 is large, each side-scattered photon deposits its entire
momentum, along with the momentum of a second colliding photon, in an electron-positron pair.
The build-up of a pair plasma (‘pair loading’) through this process, and the bulk acceleration that
ensues, will be the subject of this section.
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2.1. Radiative Acceleration
At very high compactness, the radiation source must be impulsive; otherwise the assumption
of low scattering optical depth in the accelerating medium is not self-consistent. We approximate
the photon source as a radially propagating shell situated at c(t−t) < r < ct. We found in Paper











c  T t F
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is the integrated energy flux, and







is the mean mass per scattering charge (neglecting the inertia of the original neutralizing electron
component, but not of the pairs). The shell is parameterized by a radial coordinate $, measured
from its inner boundary,
r = c(t−t) + $: (5)
Photon B is side-scattered through an angle s at position $s and time ts, and collides with photon
A at position $ and time t. Hence,
$s −$ = c(t − ts) cos s: (6)
When the scattering charge is cold, the initial energy of the scattered photon in the rest
frame of the scattering charge is x0 = xΓ(1 − ). A similar relation, x0s = xsΓ(1 −  cos 0s),
holds for the photon after scattering. The scattering angle in the frame of the charge is given by
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xAxBs (1− cos s)
: (8)
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The minimum (threshold) energy of the radial photon is
xAmin(x
B
s ; s) =
2
xBs (1− cos s)
; (9)
where xBs is the energy of the side-scattered photon. The cross-section reaches a maximum of 0:2T
at xA = 2xAmin ( = 0:71). Note that the optical depth to pair creation at this energy is proportional
to the source compactness ‘˜  ‘(me=) = LT =(4c3R), where R and L are the source radius
and luminosity, respectively.
The process of scattering followed by pair creation deposits a forward momentum (xA+xB)mec
in the accelerating medium. Given a suciently strong magnetic eld, this momentum is eectively
communicated to the other charges. Inspection of eq. (37) in Paper I shows that this coupling
rapidly becomes stronger as Γ increases. In the case of a γ-ray reball of duration t  10s and
photon optical depth c  300 (eq. [2]), propagating into an interstellar medium with B0  310−6












even energetic pairs deposit their entire momentum. In the process, all particles will share a bulk
radial Lorentz factor. In the calculations that follow, we assume that B0 is strong enough (and t
long enough) to assure eective coupling; but this constraint should be kept in mind when applying
the formulae below.
We will show that most of the momentum is injected by forward-directed pairs that are initially
hot in the fluid frame, γe  1. Each cooling particle absorbs an additional (bulk-frame) momentum
by Compton-upscattering the radial photon eld { the Compton rocket (O’Dell 1981; Phinney
1982). As the medium accelerates, the magnetic eld becomes nearly transverse, and the total
momentum absorbed per photon collision is
f  (xA + xB)mec; (11)
where f = 53 (Paper I). The energy x
B before scattering can be related to xBs when the scattering
particle is cold,
xB =
ΓxBs (1−  cos s)
(1− )Γ− (1− cos s)xBs
; (12)
which approaches xB ! xBs (1−  cos s)=(1 − ) in the Thomson limit.














= fmechxA + xBiRγγ ; (13)
where the bulk-frame charge densities are denoted by a prime, and Rγγ is the rate of pair creation
by photon collisions per unit volume,
@
@t
(Γn0e+) +r  (Γβcn0e+) = Rγγ : (14)
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The Compton force acting on transrelativistic or subrelativistic particles has been neglected. Sub-






+ cr  (Γβ) = (fhxA + xBi − 2Γ) RγγΓ[2n0e+ + (mp=me)n0p]
: (15)






∫ [ (xA + xB)f − 2Γ
xAxBs
]
F (xA)I(xBs ; s)γγ(1− cos s) dxAdxBs dΩ:
(16)
In the last expression, the intensity I(xBs ; s) of side-scattered photons is related to the flux F (xB)
of unscattered radiation via
I(xBs ; s;$) =
∫ $±
$s
(2ne+ + np)F (x



























When the optical depth along the ray from $s to $ is much larger than unity, the momentum








(hxAi+ xB)f − 2Γ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where we have made use of eq. (4) for the mean mass  per scattering charge. The average energy






after weighting by cross-section and photon-spectrum. We write
hxAi(xBs ; s) = k()xAmin(xBs ; ); (21)
from here on. The constant k is plotted as a function of high energy spectra index in Fig. 1.
It is now necessary to prescribe the radiation spectrum. We assume a simple broken power-law
form, appropriate for GRB sources, with photon number flux constant below a break energy xbr
and photon index  above the break:
F (xA) =









The total momentum imparted by the scattering and pair production collision (the expression in
parenthesis in eq. [19]) can then be written as
hxAi+ xB = 2k()
xBs (1− cos s)
+ xB : (23)
As 1 − cos s  122s  1=2Γ2, it is the rst term that typically dominates the acceleration rate in
eq. (19). For the assumed spectral shape, low energy photons (x < xbr) are side-scattered at a
slightly higher rate than are photons near the break energy xbr (the scattering cross-section is not
KN-suppressed). These low energy photons then pair produce o photons of energy x  xbr, and
deposit a relatively large momentum.
The energy of the side-scattered photon cannot, however, be taken to be arbitrarily small.
When xBs  1, the radiation shell becomes optically thin to pair creation. This leads to an upper
bound on the energy of the photo-pair, which we now evaluate. Each side-scattered photon overlaps
the shell for a time  t=(1− cos s), but the collision rate is proportional to (1− cos s)γγ . The

























The dimensionless function k2 is plotted against spectral index  in Fig. 1. Dening a characteristic
optical depth c (eq. [2]) through the photon shell at frequency xbr, and noting that in general










independent of the angle s of the scattered photon. The corresponding lower bound on the energy














Thus, the supply of side-scattered photons is smaller when Γ > Γ?, and the acceleration rate is
reduced accordingly.
We rst calculate the acceleration at low Lorentz factors, Γ  Γ?. Performing the integral
over xB in the Thomson regime, after substituting dxBs =xBs = dxB=xB , gives
d
dt

























(Γ  Γ?): (29)




xpairmaxxbr(1− )(1 − cos s)
2k(1 −  cos s)
]−1
: (30)



































(Γ  Γ?) (32)
for  = 2. This expression matches onto (29) at Γ = Γ?. Let us compare the rates of acceleration
just derived with the corresponding expression
dΓ
dr
= Γ2(1− )2‘˜ R
r2
: (33)
in the Thomson limit (Noerdlinger 1974; Paper I). When 1  Γ  Γ?, the acceleration rate (29) is
larger by  2f xpairmax; and when Γ  Γ? the acceleration rate (32) is larger by  2f xpairmax (Γ=Γ?)−2.
Pair creation no longer increases the speed of the bulk flow when two colliding photons of
comparable energy, xB  xA  2k=xBs (1 − cos s)  xpairmax have an optical depth to pair creation














Continued scattering in the pair-loaded flow increases its speed further: the limiting Lorentz factor
is
Γmax ’ 12 c; (35)
from eq. (1). This is comparable to (34) for  = 2, but larger for softer high energy spectra. We
conclude that the main eects of pair creation are i) to increase the rate of acceleration at low
Lorentz factor; and ii) to reduce the mean mass per scattering charge to  ’ me, thereby allowing
much higher terminal Lorentz factors.
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2.2. Mean Energy of the Pairs in the Bulk Frame
It remains to calculate the mean energy hγei of the pairs in the bulk frame. An electron or
positron injected at an energy γmaxe  12xpairmax will cool o the radial photon flux when xbr  xpairmax.
At the same time, the accelerated medium is compressed (Paper I), and the pairs are adiabatically
heated at a rate hγei−1(dhγei=dt) = 13n0−1(dn0=dt) = 13Γ−1(dΓ=dt). The equilibrium energy hγei
that results from a balance between compressional heating and Compton cooling lies far below the
injection energy, and so we will assume that the heating process has isotropized the momenta of







where the reference (lab-frame) cooling time is t0cool = mec
2=T ΓFΓ ’ (Γ=2c)t, and FΓ ’ F=2Γ2
is the energy flux in the boosted frame. The acceleration rate is decreased by a factor  hγei−1
































at Γ  Γ?. The equilibrium Lorentz factor works out to hγei ’ 3Γ−1 (xpairmax=100)1=2 for a pair-loaded
plasma moving slowly (Γ < Γ?).
2.3. Relative Inertia in Pairs and Baryons
Implicit in this calculation of the maximum Lorentz factor is the assumption that the photon
flux is high enough to supply the needed momentum. This constraint translates into an upper
bound on the density of the medium surrounding the γ-ray source. The strongest constraint comes
from the requirement that the phase of pair-dominated acceleration continues up to a Lorentz factor
Γpairmax (eq. [34]). This sets a lower bound to the flux of photons of energy  xpairmax. At the end of



















[k=2]1=2 − 1 : (41)
The proportion of the particle inertia carried by baryons is reduced to
fh = 1− (k=2)−1=2 ’ 0:2 ( = 2): (42)
3. Shock Deceleration, Pulse Broadening, and Afterglow
We now turn to consider the eects of radiative acceleration on the dynamics of a decelerating,
relativistic reball. The emission process operating in a GRB probably covers a range of radius. In
some models, the emission is due to optically thin synchrotron and/or inverse-Compton processes
(Meszaros, Rees, & Papathanassiou 1994; Sari, Piran, & Narayan 1998); whereas in others the
emission is by inverse-Compton scattering at moderate Compton optical depth (Thompson 1994,
1997; Crider et al. 1997). To focus the present discussion, we assume that the dissipation extends








outside the scattering photosphere. Here, R is the radius at which the ejecta become optically thin
to scattering and the γ-ray photons begin to stream ahead of the matter. As long as pair creation
and annihilation remain in equilibrium at energy x  1 in the bulk frame (x  Γej in the lab frame),
the position of the Thomson photosphere is determined implicitly by5 (c=xbr) (Γej=xbr)−  1. In
this way, the initial value of c can be related to the (initial) bulk Lorentz factor of the ejecta,
0c  (Γ0ej)−1 x2−br : (44)
This equation provides an upper bound on 0c if the γ-ray emission region is optically thin to
scattering.










5Here α is the high-energy spectral index; eq. (22).
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At the scattering photosphere, one nds










upon making use of eq. (44). Should the overall duration t of the burst be determined by the
activity of the central engine, one does not expect the afterglow emission to connect up smoothly
with the main burst. However, the internal dissipation could be triggered by an interaction with
the external medium: for example, when a blob of magnetized ejecta is decelerated and the causal
propagation distance within the blob grows large enough to allow reconnection (Thompson 1994;
Begelman 1998). In such a hybrid model, the observation of distinct, overlapping sub-pulses requires
that the ejecta extend over a cone of angular width   (Γ0ej)−1, and that the surface of the ejecta is
wrinkled on angular scales larger than  (Γ0ej)−1. To simply the discussion that follows, we assume
that the burst is composed of a single pulse of width t  R=2(Γ0ej)2c.
3.1. Deceleration of the Ejecta
Pre-acceleration of the ambient medium by the prompt γ-ray pulse will slow the deceleration
of the burst ejecta, and therefore modify the synchroton emission from the forward shock. The
maximum Lorentz factor (eq. [35]) to which the ambient medium may be accelerated decreases
with distance from the matter photosphere. Let us assume, for the time being, that the ambient
material is light enough to allow acceleration to Γamb = Γmax. Then










in the lab frame. Here,  = me=(1− fh) (eq. [4]) is the mean mass per scattering charge.
The energy E of the shock decreases with radius, because only a fraction fraction fh of the
post-shock particle energy is carried by baryons that do not cool. The calculation in x2.3 indicates
that the inertia of the ambient medium becomes dominated by leptons, and eq. (42) indicates










We assume that these particless cool instantly. When fh  1, the remaining energy E of the







One can calculate the time-scaling of the shock energy by balancing the energy radiated (51) against







E(R) / R−; (54)
with
 = 5− : (55)
This compares with  ’ 3 −  in the case where the external medium is static or moves subrela-
tivistically (e.g. Katz & Piran 1997).
More generally we will assume a power-law scaling (54) of the shock energy. Balancing this
with the energy deposited in shocked particles, one obtains






The relation between shock radius and observed (post-burst) time t becomes
t / R1=(6−+): (57)
At large radius fh ! 1 and  ! 0, because pairs with the miminum (shock-frame) energy  Γejmec2
no longer cool eectively.
Pair creation feeds back strongly on the radiative losses from a relativistic outflow, and regions
with extended non-thermal spectra are expected to be much brighter than regions with quasi-
thermal (e.g. Wien) spectra (Thompson 1997). It also introduces new characteristic lengthscales
and time-scales into the afterglow process. One of these is the radius R(Γamb  1) outside of
which the ambient medium is accelerated to sub-relativistic speeds. If the medium were to remain
pair loaded outside this radius, one would calculate R(Γamb  1) by setting   me in eq. (1);
this would yield R(Γamb  1)=R  (12c)1=2. However, because the peak cross-section for photon
collisions is somewhat smaller than Thomson, pair creation eectively stops somewhat inside that
radius. A more accurate estimate of R(Γamb  1) is obtained by setting γγ  0:2c  ln(mp=me),
which implies c  40. Pairs continue to dominate baryons in number out to a radius where c  5;
but are not produced in sucient numbers to force the mean mass per scattering charge down to
  me. The corresponding delay from the beginning of the burst is given by the time it takes the
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forward shock to reach that radius. In the case of a uniform external medium, Γej / R−5=2 and the















This pre-acceleration of the ambient medium will modify the time-scaling of the synchrotron
emission from the forward shock propagating ahead of the burst ejecta. The pair-loading ensures
that the Lorentz factor of the shock-accelerated particles (in the shock frame) extends downward
to the minimum kinematically allowed value, γe  Γej (Thompson 1997). We consider here only
the simplest emission model involving synchrotron radiation by a power-law distribution of pairs,





Closely related synchrotron models, in which the inertia of the non-thermal particles is dominated
by baryons, have been constructed by Meszaros & Rees (1997), Wijers, Rees & Meszaros (1997)
and Waxman (1997). The energy carried by the non-thermal pairs is taken to be a constant fraction
"cr of the total post-shock particle energy in the shock frame, and the magnetic eld is assumed to
carry a constant fraction "B of the post-shock pressure. As we discuss below, pre-acceleration of the
ambient medium by a collimated γ-ray beam will ensure that this second assumption is satised,
once the ejecta are moving suciently slowly.
The medium just ahead of the shock is compressed at the same time as it is accelerated, so
that the lab-frame density of baryonic particles has increased to np ’ 2Γ2ambnp 0 over the ambient











The equilibrium post-shock magnetic pressure therefore scales as
B2r
8
/ "BΓ2ejnp 0 / R−4−; (61)
independent of  in the shock rest frame.
We are now in a position to work out the time-scaling of the synchrotron emission at xed

























The quantity in brackets denotes the rate at which particle energy accumulates (in the bulk frame)
per unit area of the shock; the prefactor transforms to the lab frame. The power law index
  −@ ln(L)
@ ln t
(64)
is expressed in terms of the synchrotron index sync = 12P via
 =
6sync + 2− 12(3sync − 1) + 2 sync
6−  +  (Γamb = Γmax; fast cooling): (65)
When the shock loses energy rapidly (  1), this becomes  = 2sync. When instead the shock





steady wind ( = 2).
Now let us compare this result with the case of a synchrotron shock propagating into a static ex-
ternal medium, for which Γej / R(−−3)=2, t / R1=(4−+), Br / R−3=2−=2, and γe / R3=2−(−2)=4.
For those scalings, the time index is
 =
6sync − 2− 12(3sync − 1) + 2 sync
4−  +  (Γamb = 1; fast cooling): (66)
This agrees with the scaling previously obtained whose energy decreases by Sari et al. (1998) and
Meszaros et al. (1998) if we substitute expression (55) for  (in the case of a strongly radiative
shock); or  = 0 (in the case of an almost adiabatic shock). An adiabatic shock has  = 32sync− 12
for any value of .
The regime of slow synchrotron cooling (at the observed frequency ) is treated analogously.






























The relation between synchrotron index and particle index softens to sync = (P − 1)=2, and the
time index becomes identical to (65):
 =
6sync + 2− 12(3sync − 1)
6−  (Γamb = Γmax; slow cooling) (69)
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for  = 0. That is, one does not not expect a signcant break in the lightcurve at xed frequency
, during the transition from fast to slow synchrotron cooling, if the ambient medium has been
pre-accelerated by the prompt γ-ray pulse and the lowest energy e do not cool radiatively ( ’ 0).
By contrast, there is a stronger break in the time scaling between regimes of fast and slow
cooling if the external medium is static,
 =
6sync − 12(3sync − 1)
4−  (Γamb = 1; slow cooling): (70)
(Meszaros et al. 1998). This simplies to the familiar result  = 32sync in a uniform external
medium.
3.3. Anisotropic Radiation Pressure and Shearing of External Magnetic Fields
The prompt γ-ray pulse induces strong shearing motions in the ambient medium that can
amplify a seed magnetic eld before the forward shock hits. An important question, that has yet to
be resolved in afterglow models, regards the eectiveness with which a weak ambient magnetic eld
(e.g. Bex  3 G for a reball interacting with the ISM) will be amplied above the flux density
 Γ2ejBex expected from laminar compression behind a relativistic shock. In the non-relativistic limit
(where pair creation can be neglected), the limiting speed of the ambient medium is proportional
to the γ-ray flux. One therefore expects the flow outside the forward shock to be strongly sheared
on lengthscales in between (Γ0ej)
−1R and beamR, given that the γ-ray emission is beamed within
an angle beam but also varies on the smaller angular scale due to causal fluctuations in the rate of
internal dissipation. This sheared flow will be Kelvin-Helmholtz unstable and, if there is time before
the shock hits, the resulting turbulence will strongly tangle a seed magnetic eld. Since the available
time is  R=2Γ2ejc, one expects eective tangling only after the ejecta have decelerated below
Γej  (Γ0ej)1=2. Thereafter, near equipartition between the magnetic pressure and the turbulent
pressure in the sheared flow appears plausible: B  (4np 0mpc2)1=2  0:1 (np 0=1 cm−3)1=2 G. If
no other instability (such as a two-stream instability; Medvedev & Loeb 1999) raises the eld close
to equipartition, one expects the burst and/or afterglow lightcurves to contain features correlated
with the onset of eective magnetic shearing.
3.4. Upper Bound on Pre-Burst Mass Loss: Pulse Broadening
A strong constraint on the density of the ambient medium comes from the requirement that
the accelerated matter remain optically thin to Compton scattering, so that the γ-ray pulse is not
appreciably broadened. If all photons of frequency > x are converted to pairs, then the scattering


















In order to prevent photons of this energy from being completely consumed, the medium must be
accelerated suciently that the photons are no longer above the threshold energy for pair-creation
in the bulk frame.6 To maintain T < 1, we require that





The critical Lorentz factor Γ can be expressed more directly in terms of the initial bulk Lorentz









Note that Γ coincides with Γ0ej at the scattering photosphere. If Γamb < Γ , then the γ-ray pulse














One nds that tspread > t at R  R .
The kinetic energy of the accelerated medium moving at Lorentz factor Γ (within a shell of
thickness equal to the acceleration length 23Γ
2
ct) can be no larger than the energy of the γ-ray








































The density in the above equation is higher than that encountered in the diuse ISM, and therefore
does not provide any constraint on GRB models involving the merging of compact objects. We can
use this expression, however, to set limits on massive stars as likely GRB progenitors, as in this
case the explosion occurs in a dense pre-burst stellar wind. Assuming a steady mass loss from such





Substituting this expression into eq. (76), and making use of eqs. (44) and (45) to express R in













6The material undergoing radiative acceleration remains in causal contact with itself, and so the scattering depth
through it is not affected by the suppression of the scattering rate (by a factor  1− β) in the lab frame.
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Notice that both the width tspread of the spread pulse (eq. [45]) and _Mt grow with radius R.
Setting Γamb = Γ and eliminating R , one deduces that the amount of pre-burst mass loss needed





























Mass loss rates close to the critical value _Mt only broaden the γ-ray pulse near the scattering
photosphere, and do not broaden it by much. Higher mass loss rates cause further broadening at
larger radii.
The presence of a dense medium surrounding the GRB source also limits the bulk Lorentz
factor Γ0ej of the ejecta at the Thomson photosphere. Hence the width t of the emitted γ-ray
pulse (before scattering in the ambient medium) cannot be made arbitrarily small. An upper
bound to Γ0ej is obtained by balancing the energy of the ejecta with the kinetic energy of the













Here "rad is the fraction of the kinetic energy of the ejecta converted to γ-rays; this expression is
meant to be evaluated at the scattering photosphere of the outflow, and so is missing the factor of







































Evaluating this expression for  = 2, we deduce






















Note that the width of the scattered pulse is independent of Γej for a hard spectrum  = 2,
tspread=t = 1:4 [fhxbr"rad=0:2(3 − )]−5=8. It is much larger than t for softer spectra, e.g.,
tspread=t = 1:4Γ
3=10
ej [fhxbr"rad=0:2(3 − )]−3=5 for  = 3. Because the softer spectrum creates
fewer pairs, a larger external mass density is required to induce runaway pair creation for a xed
shock energy.
This calculation sets significant constraints on GRB models involving the delayed explosions of
massive Wolf-Rayet stars (Woosley 1993; MacFadyen & Woosley 1998), whose winds are character-
ized by mass loss rates _M  10−5−10−4 M yr−1 and velocities of 1000{2500 km s−1 (Willis 1991).
Hard bursts composed of peaks narrower than  10 sec must either form in a more rareed envi-
ronment, or have a low radiative eciency "rad. The possibility remains that the overall duration
of some γ-ray bursts is determined by the processes of pair-loading and radiative acceleration in
the ambient medium. We note nally that the constraint (85), (86) is weakened if the γ-ray source
function is not a rigid power-law, but has a thermal cuto below a bulk frame energy  mec2.
Support for this work was provided by the Sloan foundation (C. T.), and by the NSF through
grant PHY94-07194 (P. M.).
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Fig. 1.| Left: The function k() (eq. [21]), plotted against spectral index . Right: The function
k2() (eq. [24]).
